Abstract--We have been developing LIM-type eddy current rail brakes (LIM-ECBs). In this paper, we introduced our approach to simplify the numerical design for the armatures of LIM-ECBs and show the study of changing the number of poles under fixed external dimensions as a specific example.
I. INTRODUCTION
An eddy-current rail brake (ECB) is a good solution to increase train speed because it is able to exert steady braking force independently of the contact condition between the wheels and rails. In fact, the German highspeed train ICE3 is equipped with an ECB that has DC electromagnets loaded on bogies as shown in Fig. 1 , and facing the rail crown surface with an air gap of several millimeters. This braking system is being used in commercial operation.
We have developed an LIM-ECB [1] [2] [3] that has ring winding armatures excited by three-phase AC, instead of DC electromagnets as shown in Fig. 2 , and can generate excitation power self-sufficiently and reduce rail heating caused by joule loss of eddy current on the rails. To use the LIM-ECB even in the cases of station blackouts and the failure of exterior electric power supply, we operate the LIM-ECB in a power-balanced state in which power generated by the armature and total loss of the excitation system are equal as shown in Fig. 3 .
When designing an armature of the LIM-ECB, we must consider not only increasing the braking force but also improving the generating performance and reducing the loss in the armature. We can increase the braking force and improve generating performance by increasing the proportion of iron content in the core and reduce the loss by increasing the proportion of copper content in the coil. However, we must maintain the long and narrow external dimensions of the armature because the armature is mounted in the bogie, so the total volume of armature is limited. Therefore, it is important to have a well-balanced combination of the two materials. If the balance is bad, the braking performance in the operation will not be sufficient. To consider easily establishing the balance, in this paper, we arrange the designing variables to two parameters.
Unlike ordinary parametric studies, it is not easy to design LIM-ECB armatures by numerical calculation because we are not able to know the operating frequency, namely, the actual braking performance until we have done several calculations and obtained the characteristics of the armature. Such an operating point in this powerbalanced state is found and maintained by frequency control of the excitation inverter connected to a constant voltage source. Moreover, we must spend a long time for each calculation because of the following reasons. First, many calculation steps are required because the slip at the operating point is very large. Second, we must use 3D-models because the widths of the armature core and the crown of the rail are narrow relative to the pole pitch, and the cross section of the rail is a complex shape [4] . Furthermore, of course we must consider nonlinear magnetization and eddy current not only of the rail but also of the armature for a true estimate of the loss.
To reduce the design time, we must to reduce the number of the times of heavy calculation. In this paper, for this purpose, we study the correlations between expected performance of the armature that we can obtain easily from the dimensional conditions and actual performance simulated by FEM analysis. Finally, we apply the knowledge obtained from above studies to choose the number of poles. 
A. Introduction of Two Representative Parameters
In this section, we introduce two parameters that characterize configurations and performance potential of the ring winding armature under fixed external dimensions. Eleven variables that are shown in Table I and Fig. 4 determine the configuration of the ring winding armature that is simplified by not considering detailed structure, namely, end plates of the core, inner curvature of coils, margins around coils and so on. However, except for the variables of pole configurations p and q, we obtain six independent dimensional variables form following constraints that we can obtain easily from 
External dimensions are the most strict condition in the designing the LIM-ECB armature because the armature is mounted in the narrow space between the front and back axles of the bogie and restricted by the rolling stock gauge. In this paper, therefore, we consider designing the armature under fixed external dimensions H, W and L. Moreover, we also fix hm because this variable is decided by taking into account the productivity and coil protection. Accordingly, two degrees of freedom are remaining, so we introduce two representative parameters s and t as follows:
The parameter s is the cross section ratio of the yoke to the summation of coil conductors in slots per single phase, so this parameter arranges the balance of the amounts of iron and copper. As mentioned earlier, this balance is important to maximize the braking performance of LIM-ECB. That is to say, there must be a "best" value of s.
The parameter t is the cross section ratio of the yoke to summation of tooth par single pole, so this parameter influences the amount of main magnetic flux. Similarly to s, there must be a "best" value of t. We can set t to a standard value, as t = 2/π, because it is the necessary and sufficient value to take sine-wave main flux into the yoke.
B. Values of the Parameters Maximizing Performance
By using (1) to (5), we can write down dimensional variables. As an example, we can obtain the equation of dcoil as follows:
If we consider simply that the performance of the armature is proportional to an entire electric and magnetic loading, we regard the product of the cross section of the yoke: σyoke and the cross section conductors in a slot: σcoil as an index of the performance of the armature.
By using (6) and (1) to (3) with conditions of external dimensions and poles, we can obtain s and t dependence of wcore, dteeth, and ∶=
• 3
. In Fig. 5 and 6, we show these values for the case of − ℎ = = 100 [mm], / = 189 [mm] and = 2. We can see that the maxima for s exist in each graph of Fig. 6 , so we may find the best design of the armature at these points. Of course, note that these maxima are formed by only geometric characteristics of the ring winding armature, without any electromagnetic analysis.
On the other hand, we can understand the t dependence of the maximum as follows. When t is large, dteeth is very small. Therefore, the armature shape is just like a solenoid and both σyoke and σcoil are maximized. However, magnetic coupling to the rail is reduced, so a large or small must not mean the actual performance of an armature with a large t. Conversely, when t is small, number of slots in each pole and each phase dteeth is very large, so σcoil is suppressed, such that the position of the maxima move to small s region in which the armature is rich in copper. When if once we ignore an actual electromagnetic phenomenon, Fig. 6 shows the s and t dependence of "actual" apparent capacity by multiplication of constant values, namely, the amplitude of magnetic flux density in the yoke: Bave frequency f and current density of coils J. Of these conditions, to consider that the constant J is a practical condition when designing the armature because the current density must be set to as large a quantity as possible that the operating conditions allow. Besides, we can consider constant f with little influence on the braking force because of large slip. Of course, f has significant influence on the apparent capacity at the actual operating point, so we should know the actual f to design an excitation inverter, but we do not need to know it to estimate the performance of the armatures.
Under the condition of constant J and f, we can predict the difference of s dependence between Fig. 6 and actual apparent capacity by considering magnetic saturation of the yoke. If the yoke does not saturate, Bave is proportional to the excitation current, so the apparent capacity will be inversely proportional to s, and the maxima in Fig. 6 will be disappear. However, in fact, the saturation must occur at a small s, so the maxima are kept and shifted to the small s region. In the following section, we verify the above argument by FEM analysis.
III. VERIFICATION OF THE CORRELATION WITH ACTUAL PERFORMANCE BY FEM ANALYSIS

A. Analysis Condition
We show details of the FEM analysis. Fig. 7 shows the entire armature and rail model, symmetrical with respect to the longitudinal plane, for one period with the length of the pole pitch. Note that, in the results of this analysis, no effects on the ends of the LIM are considered. Table II shows dimensional and material parameters and specifications of the models. We calculated this model by using the electromagnetic simulation software: "JMAG" based on A-φ methods considering nonlinear magnetization of the armature core and rail.
B. Apparent Capacity
Figs. 8 to 10 show the actual apparent capacity that we obtained from results of FEM analysis and the reference apparent capacity that was defined simply by multiplying , p, J and Bave together. Here, we set , p and J for the same value as each case of FEM analysis, but in any case we set Bav = 2.2 T, at which the yoke is almost saturated as shown in TABLE II.
Each figure is different in fixed conditions. Fig. 8 shows the dependence on changing t for the same condition, namely v = 300, H = 105, W = 100 and J = 15. The Fig. 9 shows the dependence on changing J for the same condition, namely v = 300, H = 105, W = 100 and t = 2/π. The Fig. 10 shows the dependence on changing the external dimensions and traveling speed for the same condition, namely J = 15 and t = 2/π.
We can see the inconsistency between results of FEM analysis and simple estimations in each figure and there are no definite local maximums in the graphs of results of FEM analysis.
C. Braking Forces and Generating Performance
Figs. 11 to 13 and Figs. 14 to 16 respectively show the results of braking force and the results of generating performance defined as the percentage of output power to copper loss of an armature. Each figure corresponds to each case of the analysis shown in Figs. 8 to 10. In contrast to Figs. 8 to 10, we can see distinct local maxima in each graph. If we focus on the results of cases of J = 15 and v = 300, we can see the distinct local maxima around s = 4. This point is an intersection of the actual and the reference apparent capacity as shown in Figs. 8 to 10, that is, the actual Bave is nearly equal to 2.2, at which the yoke is almost saturated. This fact suggests that the existence of the "best" value of s to maximize braking forces, at which the magnetic loading is maximized with the largest electric loading as possible. In Fig. 12 , we can see the shift of the "best" value proportional to J, that is, when J = 7.5, the local maximum is around s = 2, and similarly when J = 30, the local maximum is around s = 8. Moreover, in Fig. 13 , we can see that the "best" value is independent of the external dimensions of the armature but is dependent on the traveling speed as there is a shift to a larger s at low speeds at which the excitation frequency is near the slip frequency.
Regarding the generating performance, Figs. 14 to 16 similarly show the same characteristics as the braking force. However, the local maxima are shifted to a slightly larger s than the position of braking forces.
To study how such local maxima appeared, we consider two parameters: |Bgap| and θ, which directly affect the performance. The |Bgap| is the air-gap flux density defined as the amplitude of the fundamental wave in the middle of the air gap at the transverse center. The θ is the phase difference between the longitudinal and horizontal components of the air-gap flux density. We can make a rough estimate of both braking force and generating performance as being proportional to |Bgap| and cosθ. Figs. 17 to 19 show the s dependence of |Bgap|. We can see similar behavior to the braking forces and the local maxima around the "best" values of s. On the other hand, as shown in Figs. 20 to 22, cosθ behaves differently from the braking forces and varies less. Moreover, the local maximum has shifted to a smaller s dragged by large electric loading. According to these results, we conclude that the existence of the |Bgap| local maximum around the "best" value of s mainly produces the performance maximum. Therefore, unfortunately, we cannot use the local maxima of the reference apparent capacity to decide the performance maximum in general.
D. Simplification of Armature Design Process
In the previous section, we verified that the correlation between the local maximum position on the s coordinate expected from geometrical conditions and the maximum of actual performance. As a result of FEM analysis, we showed that the position of two local maxima are approximately corresponding to s = 4 for the condition of J = 15 Arms/mm 2 in the high-speed region of speeds such as v = 300 km/h. The important fact is that such correspondence is independent of any t and the external dimensions. Moreover, even if J 15, the performance maximum exists around s = 4J/15, which is shifted proportionally to the change of J. That is, the "best" value of s, at which the balance of the amounts of iron and copper is the best, is 4J/15, which is unrelated to the geometrical local maxima shown in Fig. 6 . Therefore, except for the changing p and q, we can focus the dimensions of better armature design and reduce the number of trial calculations.
On the other hand, t changes proportionally to the apparent capacity and magnitude of the braking force as shown in Figs. 8 and 11 However, comparing Figs. 8 and 11, we can see that the braking force does not increase with the apparent capacities, so there must be an upper bound of the braking force that increases by changing t. Therefore, we should use the degree of freedom of t to adjust required apparent capacity to an acceptable value and maximize the braking force. Note that, to adjust t, we should execute precise calculations several times because we do not know the operating frequency.
Finally, we consider that the speed is low, such as v = 100 km/h. As shown in Fig. 13 , the peak of the braking force is shifted to a larger s than the "best" value. However, the braking force of v = 300 decreases at such a point, so if we need to operate the LIM-ECB in highspeed regions such as 300 km/h, we must take more into account the braking force at high speeds because of the advantage in reducing braking distance. Therefore, when if we need operation at high speeds, we do not need to consider the shift of the "best" value of s in the low-speed region. In this section, we consider selecting the number of poles based on the results and arguments of the previous section. We consider the conditions shown in TABLE III  similar to TABLE II, and the same material parameters as   in TABLE II . Fig. 23 shows the changes in wcore and dteeth, in the number of poles.
Here, because s = 3.5 ≈ 4J/15, at least in the case of p = 8, the actual Bave must be nearly equal to 2.2 and exert maximum braking force. Moreover, by comparing Figs 8 to 10 and Figs 11 to 13, we can see the proportional connections of the local maximums of the braking force and the apparent capacity. Therefore, if we assume that such conditions are realized for any p, we would find the best number of poles exerting maximum braking force by comparison of the reference apparent capacity. Fig. 24 shows the dependence of the reference apparent capacity on the number of poles, with a local maximum at around p = 8 or 10. Note that such behavior is appeared caused by the proportional connection between p and f that is a natural condition for comparison in a same slip ratio.
Besides, we show the actual apparent capacity and the braking force that are results of FEM analysis in Fig. 24 . We can see the local maxima of actual values around the same point to the reference line.
However, the separation between the actual and the reference apparent capacity in the case of p ≥ 10 means the actual Bave ≤ 2.2 T, so there is the possibility that the braking force in p ≥ 10 becomes larger than the values in Fig. 24 . To clarify and eliminate such uncertainty, we should determine revised "best" values of s for p 3.5. To determine such values, we consider the ratio of the actual value to the reference value of apparent capacity. This ratio is same as the ratio of the actual Bave to the reference 2.2 T, so we can obtain the revised "best" values of s by multiplying this ratio by 3.5. Fig. 25 shows the original (s = 3.5) and revised reference apparent capacity and values of revised s. The two lines of reference apparent capacity are overlapped. Therefore, if the braking forces of p ≥ 10 are revised, the position of the local maximum of the braking force must be unchanged.
Considering the results of actual braking forces, consequently we conclude the best choice of number of poles to maximize braking force is 8 or 10.
V. SUMMARY
In the design of the LIM-ECB armature, the wellbalanced combination of iron and copper content is important, so we arranged the designing variables to two parameters, namely, s and t, under fixed external dimensions. Then, we studied the dependence of the actual performances on s by comparing the expected performance that we can obtain easily from the two parameters with actual performance simulated by FEM analysis. From the results, we found that the local maxima for many cases are at around the "best" value of s for the performance. Consequently, we proposed a simple designing process by using such an s. Finally, we applied this process to choosing the number of poles. 
